Compensatory mutations improve fitness in genotypes that contain deleterious mutations but have no beneficial effects otherwise. As such, compensatory mutations represent a very specific form of epistasis. We show that intragenic compensatory mutations occur non-randomly over gene sequence. Compensatory mutations are more likely to appear at some sites than others. Moreover, the sites of compensatory mutations are more likely than expected by chance to be near the site of the original deleterious mutation. Furthermore, compensatory mutations tend to occur more commonly in certain regions of the protein even when controlling for clustering around the site of the deleterious mutation. These results suggest that compensatory evolution at the protein level is partially predictable and may be convergent.
INTRODUCTION
Compensatory mutations are the result of a particular form of epistasis, in which the new mutation has a beneficial effect on fitness when a deleterious mutation is present but is otherwise neutral or deleterious. Compensatory mutations are an important yet poorly understood aspect of biological evolution with profound implications. For instance, antibiotic resistance in bacteria, pesticide resistance in agricultural pest species and failure of antiretroviral therapy in HIV-1-infected patients have all been linked to the occurrence of compensatory mutations (Schrag & Perrot 1996; Maisiner-Patin & Andersson 2004) . Resistance mutations are often associated with substantial fitness costs in non-selective environments. Compensatory mutations can at least partially offset these costs, allowing populations to retain their resistance in the absence of the selective agent. Compensatory mutations may also play an important role in conservation genetics, because compensation allows small populations to recover from fixation of deleterious mutations by genetic drift ( Whitlock 2000; Poon & Otto 2000; Whitlock et al. 2003) . Compensatory mutations have been implicated in the formation of Dobzhansky-Muller incompatibilities (Kondrashov et al. 2002) , which makes them of general interest to evolutionary biology.
Despite the obvious importance of compensatory mutations, we understand relatively little about their basic biology, although there has recently been a surge of interest in compensatory mutations. For example, Kascer & Burns (1973 , 1981 developed metabolic control theory by thinking about metabolic pathways from an evolutionary point of view. Using this metabolic control theory, Kascer & Burns (1981) showed that most enzymes in linear pathways could have their performances changed with little impact on fitness. Hartl & Taubes (1996) showed that, under these circumstances, a great ability exists to compensate for mildly deleterious mutations. Whitlock et al. (1995) showed that compensatory epistasis is likely to be a general consequence of any form of stabilizing selection.
There has also been considerable experimental evidence supporting the existence of compensatory mutations. Burch & Chao (1999) investigated fitness recovery in a strain of the f6 virus fixed with a deleterious mutation causing a 90 per cent reduction in its fitness. They observed fitness recovery over many population sizes, including a population with an effective size of 60 and nearly perfect fitness recovery in the populations with large effective sizes. In the smaller populations, fitness recovery occurred in a stepwise fashion, indicating that the fitness recovery was not due to a single back mutation, but by new compensatory mutations at other sites. Rokyta et al. (2002) found that following the deletion of the ligase gene in the bacteriophage T7, fitness dropped dramatically, but most of this fitness loss was recovered by compensatory changes to other genes. Moore et al. (2000) found that low-fitness mutant genotypes recovered fitness more rapidly than high-fitness mutant genotypes. The eukaryote Caenorhabditis elegans has also demonstrated rapid fitness recovery from the accumulation of deleterious mutations (Estes & Lynch 2003) . However, it is unclear whether the resulting fitness improvements observed in the latter two experiments were due to back mutation or compensatory mutations at other sites. Compensatory mutations are not the only way to overcome a deleterious mutation. Crill et al. (2000) performed an experiment with the bacteriophage fX174 in which the target gene was mutated, and they found no evidence for compensatory changes, only back mutations.
There is substantial evidence in favour of relatively high compensatory mutation rates, but the properties of compensatory mutations are not well understood. Poon et al. (2005) investigated the distribution of the number of compensatory mutations and the proportion of compensatory mutations that were intragenic rather than intergenic, across a broad taxonomic range covering the viral, prokaryotic and eukaryotic kingdoms. Poon et al. (2005) found that compensatory mutations were abundant overall, with a mean of 11.8 per deleterious mutation and substantial variation in fitness effect that was best described by an L-shaped gamma distribution function. Furthermore, the majority of compensatory mutations were intragenic, with a significantly lower fraction in viruses (69%) than in prokaryotes (92%) or eukaryotes (90%). Therefore, understanding intragenic relationships both among compensatory mutations and between compensatory mutations and their associated deleterious mutations is important to improving our understanding of compensatory mutations in general. Furthermore, studies on three viral proteins have found that compensatory mutations tend to be more effective when found closer to the site of the deleterious mutation in terms of the protein's primary structure (Poon & Chao 2006) , but this pattern has not been examined on a broader scale.
While analysing the data in the previous study (Poon et al. 2005) , we observed what appeared to be non-random associations between the location of compensatory mutations and their associated deleterious mutations in terms of their positions within the primary sequence of the protein (figure 1). In this paper, we investigate the relationship between the position of deleterious mutations and their compensatory mutations. We asked three related questions:
(i) Are all amino acid residues within a protein's primary structure equally likely to produce compensatory mutations? (ii) Do compensatory mutations tend to occur around the site of their associated deleterious mutations?
(iii) Accounting for the location of the deleterious mutation, do compensatory mutations show evidence of clustering around particular amino acid residues within a protein's primary structure?
We addressed each of these questions using the entire dataset of Poon et al. (2005) , for all taxa combined and for each of three taxonomic groups for which there is enough data: eukaryotes, prokaryotes, and viruses. Unfortunately, we lacked sufficient data to examine these trends at greater taxonomic resolution.
MUTATIONAL DATA
We used the dataset collected by Poon et al. (2005) , which comprised compensatory mutations from 67 published articles. Among 77 different deleterious mutations for which compensatory mutations were recovered, a total of 602 compensatory mutations were identified. The data were sampled from across a broad taxonomic spectrum including four viral, five prokaryotic and nine eukaryotic species. Most of these represented experimental model systems (e.g. C. elegans, Escherichia coli ). For this study, for a mutation to be considered compensatory, it must have occurred in a different codon than the deleterious mutation. All compensatory mutations considered in this study were intragenic point mutations that occur within the protein-coding region.
(a) Question 1: are some amino acid residues more likely to mutate with compensatory effects than others? To evaluate the biological significance of the location of compensatory mutations in the primary structure, we first determined whether such mutations occurred at similar codon positions more often than expected by chance. For this purpose, we employed an index of dispersion rZs/m, where s is the variance across the sequence in the number of mutations per amino acid residue and m is the mean number of compensatory mutations per amino acid residue. The index of dispersion, r i , was calculated for each deleterious mutation, i.e. r is the average across all deleterious mutations. We randomly placed the observed number of mutations into each locus, reflecting the null hypothesis that compensatory mutations are randomly distributed across all codon positions. A ratio greater than that observed in the randomization indicates that some amino acid residues are more likely to produce compensatory mutations than is expected by chance, whereas an index greater than the randomized value would indicate that mutations are more evenly distributed across all codons in the gene.
The index of dispersion averaged across all the taxa, rZ2.65, was much larger and statistically significantly different from that observed in the randomization rZ1.05 ( p!10 K6 ). These data demonstrate that multiple compensatory mutations occur at the same amino acid residue much more often than is expected by chance, across the three kingdoms surveyed. The foregoing analysis shows that in response to a single deleterious mutation, some sites are more likely to evolve compensatory alleles. We can also ask whether there are any sites that are likely to compensate for more than one deleterious mutation. In our dataset, there are 11 proteins that have been studied with more than one deleterious mutation. Of these 11, five showed at least one site where a compensatory mutation evolved independently in response to distinct deleterious mutations. (The remaining six that did not show this pattern were among the loci which had the fewest compensatory mutations, therefore limiting the scope for multiple mutations.) We tested whether more proteins than expected by chance showed convergent evolution at compensatory sites in response to distinct deleterious mutations. To perform this test, we used the hypergeometric distribution to calculate the expected number of proteins in the dataset that would show no compensatory mutations in common for different deleterious mutations, under the null hypothesis that compensatory mutations are distributed equally through the protein sequence. The hypergeometric distribution describes the probability of getting a given number of sites that appear for one deleterious mutation when sampled without replacement from the possible sites that compensate for another deleterious mutation. We excluded any amino acid that was within 5 per cent of the total sequence length of both the deleterious mutations, because, as we show in the following section, this region contains an excess of compensatory mutations. From this analysis, we expect that on average 1.5 of the 11 proteins ought to show a compensatory mutation at the same site for more than one deleterious mutation just by chance. The observed value, 5 out of 11, is significantly more than expected by chance (binomial test, pZ0.01).
(b) Question 2: are compensatory mutations near their associated deleterious mutations? Given that some sites are more likely to produce compensatory mutations than others, we ask whether proximity to the deleterious mutation might explain some of this pattern. We quantified the degree of clustering of compensatory mutations around their associated deleterious mutations using the following scheme. We used d i to represent the sequence location of the ith deleterious mutation and c j,i to represent the location of the jth compensatory mutation identified for that deleterious mutation. Thus, the absolute distance in the primary structure between the deleterious and compensatory mutations is given by j c j;i K d i j. The mean distance standardized by gene length L i between the ith deleterious mutation and its N i compensatory mutations is given by
We use d to refer to the mean of d i . We compared d to its expectation under a random placement model by a simulation method. Positions of all compensatory mutations were drawn randomly from all sites in the gene (except the deleterious mutation site). For each simulation, d was recalculated and stored. After repeating this process 10 7 times, the observed test statistic was compared against the simulated null distribution.
We found significant evidence of compensatory mutations clustering with respect to the position of their associated deleterious mutations (figure 2). Compensatory mutations were located at a mean standardized distance of dZ0.228, averaged over all deleterious mutations. By contrast, the null expectation of d was 0.321, and the ratio of observed versus expected was 0.710 ( p!10
K6
, for the test comparing this ratio with the null expectation of 1). For eukaryotes, dZ0.202, compared with a null expectation of dZ0.29 ( pZ0.0023), and the ratio of observed versus expected was 0.70. For prokaryotes, dZ0.266, compared with a null expectation of dZ0.331, and a ratio of observed to expected was 0.68 ( pZ0.00041). For viruses, dZ0.194, compared with a null expectation of dZ0.311 ( p!10 K6 ), and the observed to expected ratio was 0.622. Thus, in all taxonomic groups considered, compensatory mutations tended to occur closer to the original deleterious mutation than expected by chance.
We also considered whether compensatory and deleterious mutations are closer together in the protein's tertiary structure than would be expected by chance. This was accomplished using published three-dimensional crystal structures that exist for 10 of the proteins used above. We measured the Euclidean distance in angstroms between the a-carbon of the deleterious and compensatory mutation sites, as reported in the three-dimensional structure files obtained from Research Collaboratory for Structural Bioinformatics at www.rcsb.org (Berman et al. 2000) . We calculated the average distance by dividing the mean distance between the compensatory and its associated deleterious mutations by the average distance between the deleterious mutation and all the other amino acid residues in the protein. To test statistically for deviations between the observed relative distances and that expected by chance, the positions of the compensatory mutations were then randomly relocated in the gene, and the average distance between the compensatory and deleterious mutations was recorded for the randomized data. This randomization process was recreated 100 000 times to generate a null distribution for the test statistic. For cases where there were more than one replicate evolutionary line with a given deleterious mutation, the data across lines were collated to give a combined p-value using the Z-transform test ( Whitlock 2005) . Out of the 22 deleterious mutations that had structural data available, seven showed strongly significant evidence that the compensatory mutations were closer to the deleterious mutation than expected by chance, and six of these remain significant following adjustment for false discovery rate (Benjamini & Hochberg 1995) . Of these six, compensatory mutations were on average only 51 per cent of the expected distance in angstroms as expected by chance. In no case were compensatory mutations significantly farther from the deleterious mutation than expected by chance.
(c) Question 3: are compensatory mutations clumped within the gene?
The mean standardized nearest-neighbour distance in primary sequence between the N i compensatory mutations having length L i amino acid residues (associated with the ith deleterious mutation) was calculated as d
where d i,j represents the position of compensatory mutation j for deleterious mutation i. We calculated the grand mean over all deleterious mutations to obtain our test statistic, which we denote as d nn . Given that we know compensatory mutations are likely to clump because of their increased probability of being near the deleterious mutation (see previous section), we statistically removed the effect of the location of the deleterious mutation through a two-step process. First, we excluded all compensatory mutations that lie within 5 per cent of the length of the gene from the deleterious site, because, as shown in figure 2 , there is a large excess of compensatory mutations near the site of the deleterious mutation (most of the excess seemed to occur within 1-2 per cent of the distance of the compensatory mutation, but to be conservative we eliminated a larger range). This removed 25.8, 12.03, 22.1 and 40% of the compensatory mutations that appear in the immediate neighbourhood of the site of the deleterious mutation for the full dataset, the eukaryote dataset, the prokaryote dataset and the virus dataset, respectively. After removing the mutations in the immediate neighbourhood of the deleterious mutation, the probability of a compensatory mutation as a function of distance from the deleterious mutation is an approximately linear function of the proportional distance. We then divide the genes into bins representing 5 per cent of the total length of the gene, and we performed a linear regression of the absolute distance of the remaining compensatory mutations upon their probability of occurrence within each bin. This regression model was used to generate a random probability of compensatory mutation placement in the gene, accounting for the location of the deleterious mutation. By simulating this random model, we determined the null distribution for d nn . 3. DISCUSSION Our analysis of the sequence of compensatory mutations has revealed several novel patterns (figure 1). Some sites are much more likely than others to successfully compensate for specific deleterious mutations; these sites are closer than expected to the deleterious site; and these compensatory sites are close to each other. These sequence spatial patterns have some important implications for evolutionary biology.
Multiple compensatory mutations occur at the same amino acid residue more often than is expected by chance. Given our understanding of the importance of protein structure on protein function, the functional relationships among amino acid residues within proteins are not surprising. Structural studies of proteins demonstrate that some amino acid residues are more important than others in affecting a protein's function. Consequently, we might expect that some amino acid positions are more likely to produce compensatory mutations than others. Indeed, we have seen that some amino acids sites are far more likely to evolve compensation than others, with variability among sites two to three times that expected by chance. Evolution has a high probability of convergence at the molecular level. The response to fixation of deleterious alleles is partially predictable.
Our results have some potentially important implications for building phylogenetic trees using molecular data. Most phylogenetic reconstruction methods assume independent evolution of each mutation in the tree. However, if compensatory evolution is common, then multiple, nearby mutations may give only highly correlated information.
Biochemical insights also predict that some nearby parts of proteins are likely to be involved in the same functions, for example in binding sites. As a result, we can predict that deleterious mutations are more likely to be compensated by nearby amino acids sites. For the data we have collated, we have shown that compensatory mutations occur approximately two-thirds as far away from the site of their associated deleterious mutations compared with the distance expected by chance. Moreover, compensatory mutations tend to occur closer to the site of the deleterious mutation in tertiary structure.
This clustering also has important implications for evolutionary biology. Recombination has been shown to be an important force affecting the frequencies of alleles interacting epistatically with each (Phillips & Johnson 1998) , and compensatory mutations are an example of mutations interacting epistatically. Here, we have shown that compensatory mutations tend to occur extremely close to the site of the deleterious mutation; on average, they occur within 22 per cent of the length of the gene around the site of the deleterious mutation, and Poon et al. (2005) have shown that compensation is much more likely to be intragenic than expected by chance. This clustering of compensatory mutations around a particular site within a gene means that recombination is unlikely to break apart, or recombine together, deleterious mutations with their compensatory counterpart.
Finally, biochemistry has informed us that different regions of a protein will probably perform specific functions (e.g. active sites, hydrophobic core, etc.) necessary for overall protein performance. For example, mutations that affect a protein's active site are unlikely to be compensated for by a secondary mutation that occurs within the hydrophobic core. This leads to the prediction that compensatory mutations ought to occur closer to each other in the primary and tertiary structures than would be expected by random chance. We have shown that compensatory mutations do tend to occur closer to their associated deleterious mutations than is expected by chance. Such clustering of compensatory mutations is expected because of the importance of local interactions affecting the overall shape of the protein (Chikenji et al. 2006) , and these results reinforce the conclusions of phylogenetic analysis that show frequent coevolution of nearby amino acid residues (Pollock 2002; Wang & Pollock 2005; Castoe et al. 2008) . We have confirmed this prediction in these data, finding that the nearestneighbour distance between compensatory mutations is approximately 40 per cent lower than would be expected by chance. These strong patterns show that the path that evolution takes is influenced by the basic constraints of biochemistry in predictable yet important ways. Future work could examine the specific biochemical properties of compensatory mutations, to ask whether successful compensatory mutations are predictable from their biochemistry (see Poon & Chao 2006) .
